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ABSTRACT: Atomically thin transition metal dichalcogenides (TMDs) are ideal candidates for 
ultrathin optoelectronics that is flexible and semitransparent. Photodetectors based on TMDs 
show remarkable performance, with responsivity and detectivity higher than 103 AW-1 and 1012 
Jones, respectively, but they are plagued by response times as slow as several tens of seconds. 
Although it is well established that gas adsorbates such as water and oxygen create charge traps 
and significantly increase both the responsivity and the response time, the underlying mechanism 
is still unclear. Here we study the influence of adsorbates on MoS2 photodetectors under ambient 
conditions, vacuum and illumination at different wavelengths. We show that, for wavelengths 
sufficiently short to excite electron-hole pairs in the MoS2, light illumination causes desorption 
of water and oxygen molecules. The change in the molecular gating provided by the physisorbed 
molecules is the dominant contribution to the device photoresponse in ambient conditions.  
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MANUSCRIPT TEXT:  
 
Monolayer transition metal dichalcogenides (TMDs), such as MoS2, WS2, MoSe2 and WSe2, 
have attracted great interest for optoelectronic applications because, even with their drastically 
reduced thickness, they interact with the incident light strongly due to their direct bandgap and 
large density of states1. For example, phototransistors based on exfoliated flakes of monolayer 
MoS2 show excellent performance, with responsivity as high as 10
4 AW-1, leading to shot-noise-
limited detectivity larger than 1013 Jones 2. Similar results were recently demonstrated with 
phototransistors based on monolayer MoS2 grown by chemical vapor deposition (CVD) 
3. 
However, applications are hindered by the slow response time, typically as long as tens of 
seconds 4, 5. Several previous studies showed that the environment strongly affects the properties 
of TMD transistors 6-10, including their photoresponsivity and speed 2, 11. This is expected since 
all the MoS2 molecules are on the surface of the material and any other molecules adsorbed from 
the environment can create charge traps 1. For both CVD-grown and exfoliated MoS2 transistors, 
the hysteresis in the measurements of source-drain current as a function of gate voltage is a 
typical signature of water and oxygen molecules adsorbed on the MoS2 surface or between the 
MoS2 and the substrate 
5, 6, 12. Encapsulation of MoS2 devices with Si3N4 
6 and HfO2 
2 partially 
removes the water and oxygen molecules with a substantial reduction of the hysteresis and 
increase of the mobility. Similar results are obtained when the devices are measured under 
vacuum 10. Furthermore, the hysteresis will increase as humidity increases 6. All these 
experiments on the effect of ambient conditions on the hysteresis can be explained with the 
adsorption (desorption) of oxygen and water molecules on the MoS2 surface that occurs when a 
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positive (negative) gate bias is applied 7, as we will discuss later. However, the effect of ambient 
conditions on the photoresponse of MoS2 devices is still unclear. 
The responsivity of a photodetector is the ratio between the photocurrent and the power of 
incident light, where the photocurrent is the difference between the current measured when the 
device is illuminated and current measured when the device is not illuminated (dark current). 
There are two mechanisms contributing to the photocurrent: photoconduction and photogating 13. 
Photoconduction is due to the free charge carriers generated by absorption of light with photon 
energy larger than the bandgap of MoS2. If all the photons are absorbed, and each incident 
photon generates one electron and one hole, the maximum of photoresponsivity to light with 
600-nm wavelength is about 1 AW-1, which is orders of magnitude smaller than the 
responsivities typically measured with MoS2 photodetectors. This indicates that the dominant 
mechanism of photoresponse in MoS2 phototransistors is photogating, where light absorption 
causes a change in the density of trapped charges. Since trapped charges change the effective 
gate voltage, when photogating occurs there is a large increase of current, due to a shift of the 
threshold voltage VTH, the gate voltage separating the high-current (On) and low-current (Off) 
regimes in the MoS2 transistor. In this work, we study the underlying mechanism of the 
photogating, its relation to the presence of water and oxygen molecules and to the hysteresis of 
MoS2 phototransistors.  
 
The samples discussed here were fabricated following the fabrication process reported in our 
previous work 3. In short, a CVD-grown MoS2 film was patterned as a 200 m by 60 m slab on 
the growth substrate by photolithography (using a PMMA/SU8 bilayer photoresist 14) and deep 
reactive ion etching (DRIE). The MoS2 slab was then transferred to a heavily p-doped Si chip 
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capped with 300 nm SiO2.  Although it has been shown that wet transfer typically creates sulfur 
or molybdenum vacancies that can serve as adsorption sites15, we use a wet transfer that does not 
degrade the optical properties of the MoS2, as described in our previous work
3. The source and 
drain electrodes were also patterned by photolithography. We fabricated devices with graphene 
electrodes and Cr(2 nm)/Au(250 nm) electrodes. These two types of devices exhibited similar 
electrical characteristics and photoresponse 3. Figure1 (a) shows a typical MoS2 device with gold 
electrodes and Figure 1(b) shows the photoresponse from one of those devices, with no gate 
voltage applied.  
 
Figure 1. (a) Optical image of a MoS2 device with gold electrodes. The area between the blue 
dashed lines is the MoS2 slab (b) Time-resolved photoresponse with source-drain voltage VSD = 
4V, and gate voltage VG = 0V. The red regions show the time intervals when the 633-nm laser is 
on. The power density of the laser is 50 μW cm-2. 
 
 
 
The photoresponsivity is about 800 AW-1, under irradiation of an expanded laser spot, with 
wavelength of 633 nm and power density of 50 μW cm-2. Similar to other MoS2 devices from 
exfoliated or CVD-grown samples measured under ambient conditions, the response is very slow 
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3, 4, 16. For example, the decay regime of the time-dependent photoresponse curve can be fit by 
the sum of two exponentials with different time constants, y = A1*exp (-x / τ1) + A2*exp (-x / τ2) 
+ y0 
17. Typical values for τ1 and τ2 are tens and hundreds of seconds, respectively.  
The slow photoresponse has been attributed to the fact that the samples are exposed to ambient 
conditions2. Kufer and Kostantatos showed that encapsulation of the devices with HfO2 
substantially reduces the response time by three orders of magnitude2. At the same time, the 
responsivity is also reduced by about three orders of magnitude 2. These results suggest that the 
same mechanism responsible for the slow response time is also responsible for the high 
responsivity. The encapsulation of the devices with HfO2 strongly reduced the devices’ 
hysteresis, confirming that it had partially removed water and oxygen molecules from the MoS2 
surface, as discussed above. Our devices are not encapsulated. They are measured in ambient 
condition and, as expected, they exhibit a substantial hysteresis of the source-drain current, ISD, 
measured as a function of the gate voltage VG, as shown in Figure 2(b).  The mechanism leading 
to the hysteresis is explained by Cho et al. 7 and sketched in Figures 2(a) and 2(c). 
 
Figure 2. Charge transfer between the water molecules (orange dots) and the MoS2 at (a) VG = -
30V and (c) VG = 30V in the ISD-VG plot (b).  
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When a positive gate voltage is applied, the electron concentration in the MoS2 increases (Figure 
2(c)). Electrons are easily captured by water and oxygen molecules and the concentration of 
adsorbed molecules on the MoS2 surface increases 
7. Since the molecules are removing electrons 
from the MoS2, they are effectively hole-doping the channel and shifting the threshold voltage 
towards positive gate voltages (to the right, in the plot in Figure 2 (b)). At negative gate voltages, 
the MoS2 channel is filled with holes as shown in Figure 2(a) and the electrons are transferred 
back from the water and oxygen molecules to the MoS2 to recombine with the holes (O2
−+ h → 
O2 and H2O
−+ h → H2O), while the water and oxygen molecules desorb 7, 11 or stay confined 
between the MoS2 and the substrate as empty electron traps. Therefore, at negative gate voltages, 
the concentration of adsorbed molecules and electron-filled traps (along with their hole-doping 
effect) is lowest and the threshold shifts towards negative gate voltages (to the left in Figure 2 
(b)). A threshold at negative gate voltages is indeed expected for “pristine” (without adsorbed 
molecules) MoS2, because CVD-grown MoS2 is electron doped. Density functional theory (DFT) 
calculations confirm this picture18. DFT predicts that physisorption of O2 and H2O molecules on 
MoS2 occurs with binding energies of 79 meV and 110 meV, respectively, and that 
approximately 0.04 electrons per O2 and 0.01 electrons per H2O are transferred to the 
molecules18.   
 
To distinguish between the effect of the water confined at the interface between MoS2 and 
substrate and the water adsorbed and desorbed at the top surface of the MoS2, we compared the 
devices fabricated on Al2O3 and SiO2 surfaces. Since Al2O3 is hydrophobic and SiO2 is 
hydrophilic (after the piranha cleaning required for graphene transfer), we expect a smaller 
concentration of water molecules confined between the MoS2 and the Al2O3. As both devices 
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were measured in ambient conditions, the density of adsorbates on the top surface should be 
similar to each other, therefore the difference of the hysteresis between the two devices can be 
assumed to be due to the different concentration of water molecules confined between the MoS2 
and the substrate.   
 
For the MoS2 on the Al2O3 surface, the device was fabricated after depositing 30-nm of Al2O3 by 
atomic layer deposition on the p-doped Si chip capped with 300-nm SiO2 (the pre-patterned 
CVD-grown MoS2 slab was transferred on Al2O3 and the Ti(2nm)/Au(250nm) electrodes were 
patterned by e-beam lithography).  
 
As shown in Figure 3, the hysteresis of the device on SiO2 is much larger than the hysteresis of 
the device on Al2O3, confirming that the water trapped between the MoS2 and the substrate 
contributes substantially to the hysteresis. 
-30 -20 -10 0 10 20 30
1E-12
1E-11
1E-10
1E-9
1E-8
1E-7
1E-6
 
 
I S
D
 (
A
)
VG(V)
 Al2O3
 SiO2
 
Figure 3. The ISD -VG plot of the MoS2 devices on SiO2 and Al2O3.  
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The device fabricated on Al2O3 also shows lower source-drain current below the threshold gate 
voltage and a larger On-Off ratio. This is consistent with the work discussed by Ahn et al.10, 
showing that reduced adsorbates can lower the Schottky barrier for electrons, causing an increase 
of current above the threshold gate voltage. This shift in the band alignment will in turn cause an 
increased Schottky barrier for holes, with smaller source-drain current at negative values of gate 
voltage and a larger On-Off ratio10.  
 
While hydrophobic substrates are an effective way to reduce water molecules between the 
bottom surface of the MoS2 and the substrate, vacuum pumping is an effective way to reduce the 
concentration of molecules adsorbed on the top surface. Several works showed that the hysteresis 
is substantially reduced under vacuum conditions 6, 7, 10. There are also other effective ways to 
remove water and oxygen molecules from the top surface of MoS2. Miller et al. studied the 
Raman spectrum of MoS2 in ambient conditions as a function of light intensity 
19. They argued 
that the laser illumination causes the desorption of water molecules, thereby changing the 
effective doping of the MoS2 and causing a red shift of the Raman A1g mode 
19. They also argued 
that the molecular gating from the adsorbates is reversible and can be precisely tuned with the 
light intensity19.  
Following these results, we measured the effect of vacuum and illumination on the hysteresis of 
our MoS2 devices.  Figure 4 shows the current vs. gate voltage for one of our devices fabricated 
on SiO2 with graphene electrodes and measured under different conditions. 
The black curve is the measurement in ambient conditions. The blue curve shows the 
measurement in vacuum, at 10-5 Torr, with the hysteresis substantially reduced, as expected from 
the removal of some oxygen and water molecules.  The red curve is the measurement during the 
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laser illumination (633nm, 1mW cm-2) while pumping, to hinder re-adsorption of the molecules 
removed by the laser illumination from the MoS2 surface. The green curve shows the 
measurement done after switching the laser off, with the device still in vacuum. The hysteresis is 
smaller and the threshold has shifted to more negative gate voltage values compared to the (blue) 
curve measured in vacuum before illumination.  During illumination, since the sample is kept 
under vacuum while pumping, the water molecules desorbed by the light are pumped away, 
therefore, once the illumination is turned off, the density of molecules re-adsorbed on the surface 
is smaller than it was prior to illumination. This is consistent with the smaller hysteresis and the 
threshold shift toward negative gate voltage values that we measure for the green curve and 
shows that the combination of vacuum and illumination is more effective in removing adsorbed 
molecules than vacuum alone. Similar to previous work 10, we noticed that the mobility increases 
as the number of adsorbates is reduced (the mobility in ambient conditions is 0.1 cm2V-1s-1, the 
mobility in vacuum is 0.3 cm2V-1s-1 and the mobility in vacuum after laser illumination is 0.6 
cm2V-1s-1). The increased mobility under vacuum can be explained by the reduced concentration 
of scattering centers from the adsorbates and the modulation of the Schottky barriers at the 
interface between the MoS2 and the contacts, yielding a higher current above threshold
10. 
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Figure 4. The comparison of ISD -VG curves of a MoS2 device on SiO2 measured in ambient 
(black), vacuum (blue), vacuum with illumination (red) and vacuum after illumination (green). 
 
 
There can be different ways in which the laser-assisted desorption can occur. One possibility is 
laser cleaning, with a cleaning rate that depends on the light intensity 18, 19.   Another possibility 
is that the laser generates electron-hole pairs in the MoS2 and facilitates the desorption of oxygen 
and water molecues from the MoS2 surface through the reaction O2
−+ h → O2 and H2O−+ h → 
H2O, similar to the effect of a negative gate voltage 
7, 11 discussed earlier. This process only 
occurs with photon energy sufficiently high to create electron-hole pairs.  
 
To clarify the mechanism of laser-assisted desorption, we measured the ISD-VG curves of the 
gold-contacted MoS2 device on the Al2O3 substrate with illumination at different wavelengths, as 
shown in Figure 5(b). (Before the measurement, the device was annealed in 100 sccm Ar and 10 
sccm H2 at 200 C for 2 hours to improve the contact 20). A Xenon light with a monochromator 
was used as a wavelength-tunable light source (see Methods section).  
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Figure 5 (b) shows that a clear threshold shift toward negative gate voltage only occurs for 
wavelengths shorter than 650 nm, corresponding to photon energy higher than 1.9 eV. Figure 
5(a) shows the photoluminescence spectrum of MoS2 on Al2O3. The A and B peaks are due to 
excitonic transitions and their energy separation arises from the splitting of the valence band, due 
to spin-orbit coupling21. The A and B peaks are at about 1.85 eV and 2.0 eV, respectively, 
consistent with other work22. Our measurements show that the substantial threshold shift 
(photogating) occurs for photons energies higher than the A exciton peak, indicating that the 
water and oxygen desorption processes are caused by the photogenerated holes from the A 
excitons. We note that this photogating effect occurs for photon energies smaller than the 
bandgap, therefore photogain mechanisms based on the generation of free charge carriers and on 
the difference between the majority carrier transit time and the transit time of the minority carrier 
16, 23 can be ruled out.  
Figure 5. (a) Photoluminescence spectrum of MoS2 on Al2O3. The vertical lines correspond to 
the photon energies for illumination with different wavelengths (700 nm, 650 nm and 600 nm for 
the solid lines and 633 nm for the dashed line). (b) The ISD – VG curves of MoS2 device on Al2O3 
under illumination with different wavelengths. 
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In conclusion, we studied how the photoresponse of MoS2 phototransitors is affected by ambient 
conditions. We find that illumination with photon energy sufficiently high to excite electron-hole 
pairs causes the desorption of water and oxygen molecules from the MoS2 surface, due the 
increased number of photogenerated holes. This photogating effect dominates the photoresponse 
in ambient conditions and sets the response time, which is determined by the absorption and 
desorption processes of molecules on the MoS2. The response time of MoS2 photodetectors in 
ambient conditions (tens of seconds or higher) is therefore very similar to the response time of 
MoS2 gas sensors 
24.  Altough photogating due to the molecular gating of oxygen and water 
provides very high responsivity, it is not suitable for fast detection.  Laser illumination and 
vacuum pumping combined with the use of hydrophobic substrates are effective methods to 
remove absorbates before device passivation, to obtain two dimensional devices with small 
hysteresis and fast photoresponse. 
 
METHODS 
Tunable Light Source: We combined a Xenon light source with a monochromator to tune the 
wavelength of the output light from 600 nm to 800 nm. The output of the lamp was collimated 
and then focused onto the sample using a 20X long-working-distance objective lens. The power 
output in the wavelength range from 600 nm to 800 nm varied between 1 μW and 2 μW, the 
diameter of the light spot focused on the device was about 60 m and the width between the two 
electrodes was 12 m. A CCD camera was used to monitor the position of the light spot. 
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